The transcriptional regulatory protein Rgg coordinates amino acid catabolism and virulence factor expression in Streptococcus pyogenes. We used a proteomic approach to compare cytoplasmic proteins isolated from S. pyogenes wild-type strain NZ131 (serotype M49) to proteins isolated from an rgg mutant strain during the exponential and stationary phases of growth. Proteins were separated by two-dimensional gel electrophoresis, and 125 protein spots of interest were identified by tandem mass spectrometry. Comparative analysis of proteins isolated from the isogenic strains revealed that growth phase-associated regulation of enzymes involved in the metabolism of arginine (ArcABC), histidine (HutI), and serine (SdhA) was abrogated in the rgg mutant strain, which synthesized the proteins in the exponential phase of growth. In contrast, the enzymes were detected only among wild-type proteins isolated from organisms in the stationary phase of growth. The differences in protein composition were correlated with previously described metabolic changes. In addition, proteins associated with thermal and oxidative stress responses, including ClpE and ClpL, were present in samples isolated from the rgg mutant strain but not in samples isolated from the wild-type strain. The rgg mutant strain was more tolerant to elevated temperature and puromycin than the wild-type strain; however, the mutant was less tolerant to paraquat. We concluded that Rgg is a global regulatory factor that contributes to growth phase-dependent synthesis of proteins associated with secondary metabolism and oxidative and thermal stress responses.
Streptococcus pyogenes is a human-specific pathogen that can cause a variety of diseases, which range in severity from asymptomatic colonization and uncomplicated pharyngitis to invasive diseases such as streptococcal toxic shock syndrome and necrotizing fasciitis. Infection may also induce autoimmune diseases, such as rheumatic fever, acute glomerulonephritis, and various neurological disorders (10) . Approximately 20 years ago, the virulence associated with S. pyogenes increased worldwide. Changes in the predominate serotypes in natural populations and in the repertoire of genes encoding exoproteins, including superantigens, are thought to have contributed to the increase in virulence (10, 27, 30) . Streptococcal exoproteins, including both cell-associated and soluble proteins, interact directly with host macromolecules to influence host-pathogen interactions.
The regulation of exoprotein synthesis is typically growth phase dependent (22) . For example, adhesins and proteins that inhibit complement activation, such as the M protein and C5a peptidase, are primarily expressed in the exponential phase of growth (26) . In contrast, hydrolytic enzymes, such as the SPE B protease and nucleases, are primarily expressed during the stationary phase of growth (5, 8, 38) . Expression is controlled by a variety of factors, including two-component regulators, such as CsrRS/CovRS (13, (16) (17) (18) and FasBCA (21) , by so called stand-alone response regulators, such as Mga (10) , by RofA-like proteins (1, 34) , and by LuxS-mediated quorum sensing (25) . In many other species, growth phase-associated regulation also involves alternate sigma factors. However, the chromosome of S. pyogenes does not encode a typical stationary-phase sigma factor, such as RpoS or SigB. Moreover, only a single alternate sigma factor, designated SigX, has been described in S. pyogenes, and this factor has limited activity due to ClpP-dependent degradation (31, 32) . Thus, coordinate control of exoprotein synthesis in S. pyogenes probably relies extensively on interactions or cross talk among various regulatory proteins.
Rgg and Rgg-like proteins comprise a family of transcriptional regulatory proteins encoded in the genomes of some low-GϩC-content gram-positive bacteria, including Streptococcus, Listeria, Lactobacillus, and Lactococcus; orthologues have not been identified in gram-negative bacteria. The Rgg polypeptide of S. pyogenes consists of 280 amino acids and has a predicted molecular weight of 33, 246 . Rgg has a helix-turnhelix motif in the amino terminus of the polypeptide, and purified recombinant Rgg proteins from Streptococcus gordonii (40) and S. pyogenes strain HSC5 (known as RopB) (29) bind to DNA in the promoter regions of Rgg-regulated loci. Inactivation of the rgg gene in S. pyogenes strain NZ131 alters the expression of several known or putative virulence factors localized to the cell wall and extracellular milieu. These include the caseinolytic SPE B protease, M protein, C5a peptidase, the SLO cytolysin, and streptokinase, among others (3, 7, 8, 24) . Inactivation also affects transcript levels of genes encoding regulatory factors, such as mga, csrRS/covRS, fasBCA, and sagA (7) . Finally, an rgg mutant strain ferments arginine and serine in the exponential phase of growth, in contrast to the wild-type strain, which preferentially ferments glucose (6) . Thus, Rgg affects both metabolism and virulence factor synthesis in S. pyogenes.
We used a proteomic approach to identify additional Rggregulated proteins in S. pyogenes. Cellular proteins isolated from exponential-and stationary-phase cultures of wild-type strain NZ131 were compared to cellular proteins isolated from an isogenic rgg mutant strain. Significant differences in protein composition were discovered between the strains, and proteins of interest were identified by mass spectrometry (MS). The results indicate that Rgg is a global regulatory protein that affects the synthesis or stability of growth phase-regulated proteins associated with amino acid metabolism and oxidative and thermal stress responses.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and protein preparation. S. pyogenes strain NZ131 (serotype M49) and an isogenic mutant designated NZ131 rgg Ϫ were described previously (3, 4) . S. pyogenes was grown at 37°C in 50 ml of Todd-Hewitt broth containing 0.2% (wt/vol) yeast extract (THY broth) (Difco Laboratories, Detroit, Mich.) without agitation. After 4, 24, and 48 h of incubation, cultures were centrifuged for 15 min at 13,679 ϫ g at 4°C to collect the bacteria. The bacterial pellets were suspended in 500 l of lysis buffer, which contained 7 M urea, 2 M thiourea, 4% (wt/vol) 3-[3-(cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 1.0% (vol/vol) immobilized pH gradient (IPG) buffer [Amersham Biosciences (SF) Corp., San Francisco, Calif.], and 75 mM dithiothreitol, and then they were frozen and stored at Ϫ80°C. Bacteria were subsequently lysed with a FastPrep protein isolation kit by using a Fastprep instrument (Qbiogene, Carlsbad, Calif.), as described by the manufacturer. A PlusOne 2-D Clean-up kit (Amersham) was used to remove nonprotein contaminants, and protein determinations were done with a PlusOne 2-D Quant kit (Amersham), as described by the manufacturer.
Two-dimensional electrophoresis (2-DE).
Isoelectric focusing was done with an IPGphor isoelectric focusing system by using Immobiline dry strips (11 cm) with a linear pH range of 4 to 7, as described by the manufacturer (Amersham). IPG strips were hydrated with 70 g of protein in 350 l of sample buffer for 12 h at 20°C. Isoelectric focusing was done at 500 V for 500 V ⅐ h, at 1,000 V for 1,000 V ⅐ h, and at 8,000 V for 16,000 V ⅐ h at 20°C. The strips were incubated in sodium dodecyl sulfate (SDS) equilibration buffer (50 mM Tris-Cl [pH 8.8], 6 M urea, 30% [vol/vol] glycerol, 2% SDS, bromophenol blue) for 10 min. SDSpolyacrylamide gel electrophoresis separation was performed by using a DALT II six electrophoresis apparatus (Amersham) and 10% acrylamide resolving gels (0.1 by 23.4 by 19.5 cm) containing 1% SDS (Duracryl; Genomic Solutions, Ann Arbor, Mich.). The running buffer consisted of 0.25 M Tris, 1.92 M glycine, and 1% (wt/vol) SDS, and electrophoresis was done for approximately 18 h at 75 V. Proteins were stained with Sypro Ruby (Molecular Probes, Eugene, Oreg.), and digital images were acquired with a charge-coupled device camera. Analysis of the gels, including protein spot detection and quantitation, was done with PDQuest software (Bio-Rad, Hercules, Calif.). Protein spots were quantified by adding the values for the pixels comprising each protein spot. Gels were normalized based on the sum of all protein spots detected in each sample.
Protein identification. Proteins of interest were excised from the SDS-polyacrylamide gel electrophoresis gels with a robotic spot cutter (Bio-Rad). The gel plugs were washed three times for 15 min in 400 l of 25 mM NH 4 HCO 3 -50% acetonitrile (ACN) (Aldrich, Milwaukee, Wis.), incubated in 100% ACN for 5 min, and lyophilized in a SpeedVac for 30 min. The dried gel plugs were hydrated with 25 mM NH 4 HCO 3 containing 10 g of sequencing-grade trypsin (Sigma Chemical Co., St. Louis, Mo.) per ml. Following incubation at 37°C for approximately 16 h, the trypsin solution was aspirated into a microcentrifuge tube, and additional peptides were recovered from the gel plugs by extracting them twice with 50% ACN-5% trifluroacetic acid for 1 h each time. The extracted peptides were lyophilized in a SpeedVac and suspended in 20 l of 1% formic acid-2% ACN. A portion (5 to 10 l) of the peptide mixture was loaded onto a C 18 reverse-phase column (13 cm by 25 m; LC Packings, Sunnyvale, Calif.). Peptides were eluted directly into a Micromass electrospray ionization quadrupoleorthogonal time of flight mass hybrid spectrometer with a 3 to 40% gradient of ACN-0.1% formic acid over 40 min and a flow rate of approximately 20 nl per min. Spectra were obtained in the positive ion mode, deconvoluted, and analyzed with the MassLynx 4.0 software (Micromass). The Protein Lynx Global Server (version 1.2; Micromass) was used to search databases consisting of S. pyogenes genome sequences and the National Center for Biotechnology Information nonredundant genomic databases. Proteins were identified by matching MS-MS spectra from at least two tryptic peptides or by de novo peptide sequence determination when only one MS-MS match was identified.
Thermal and oxidative stress. Wild-type and rgg mutant strains were grown in THY broth to the mid-exponential phase. Aliquots of the appropriate size were diluted to an A 600 of 0.08 with approximately 10 ml of fresh THY broth. Puromycin and paraquat were added at final concentrations of 30 g/ml and 50 mM, respectively. Stressed and sham-treated cultures were incubated for 24 h at 37°C in 5% CO 2 . Subsequently, the number of CFU per millimeter was determined by dilution plating on THY agar plates. The detection limit of the assays was 0.6 CFU per ml.
RESULTS
Protein isolation, resolution, and identification. S. pyogenes preferentially ferments glucose when it is available, and depletion of glucose correlates with entry into the stationary phase of growth (5, 6) . However, an rgg mutant strain ferments arginine and serine during the exponential phase of growth, even in the presence of glucose (6) . To identify changes in protein composition potentially associated with altered metabolism and to characterize the Rgg regulon, we compared proteins isolated from wild-type S. pyogenes after 4, 24, and 48 h of culture to similarly prepared samples isolated from an isogenic rgg mutant strain. The strains grew at similar rates (Fig. 1) ; however, the growth yield of the mutant strain after 24 and 48 h of culture was greater than that of the wild-type strain (6) . The culture conditions were identical to those previously used to measure metabolic precursors and end products (6) . Because the previous analysis identified changes in the formation of metabolic end products between 24 and 48 h of growth, it was of interest to determine if the changes were associated with changes in protein composition. Soluble proteins were extracted from whole-cell lysates and separated by 2-DE. The initial results indicated that the majority of soluble proteins had isoelectric points (pI) between 4 and 6 (data not shown). Subsequently, immobilized gradient strips with a separation range of pI 4 to 7 were used. For each strain and time, independent protein isolation was done at least twice, and representative 2-DE gels are shown in Fig. 2 [14] ) was the most abundant protein after 4 and 24 h of culture; glyceraldehye-3-phosphate dehydrogenase (SPy0274) was the most abundant protein after 48 h of culture (see Table S1 at http://www.usd.edu/biomed/biomedfaculty /chaussee/index.shtml). In samples obtained from the rgg mutant strain, enolase (SPy0731) was the most abundant protein at each time (see Table S1 at http://www.usd.edu/biomed/biomedfaculty /chaussee/index.shtml). Few regulatory proteins were identified, probably due to their low levels in the cytoplasm compared to metabolic enzymes. Growth phase-associated changes in protein abundance. Many of the differences between the strains were differences among growth phase-regulated proteins, as determined by an-FIG. 2. Protein compositions of S. pyogenes wild-type and rgg mutant strains after 4 h. Proteins were isolated from the wild-type and rgg mutant strains after 4 h of culture, separated by 2-DE, and stained with Sypro Ruby. The migration positions of molecular weight standards and the orientation of the immobilized pH gradients are indicated. The numbers on the gel correspond to the SPy numbers in the serotype M1 genome sequence annotation (14) and designate proteins identified by tandem mass spectrometry. The original gel size was 25 by 21 by 0.1 cm. a Proteins were isolated from NZ131 and NZ131 rgg Ϫ after 4, 24, and 48 h of culture and separated by 2-DE. The results from at least two independent experiments were analyzed with the PDQuest software to identify differences in protein composition and protein abundance between the strains. Protein spots were quantified by adding the pixel values for a spot.
b Differences in protein abundance between the isogenic strains at P Ͻ 0.05.
alyzing proteins extracted from wild-type strain NZ131 during the exponential and stationary phases of growth. Serine dehydratase is a heterodimeric enzyme that catalyzes the transformation of L-serine to pyruvate and NH 3 ; pyruvate can subsequently be degraded further to generate ATP. The ␣-subunit of serine dehydratase (SdhA; SPy2190) was detected in rgg mutant samples isolated after 4 and 24 h of culture but not in the corresponding samples isolated from the wild-type strain.
After 48 h of culture, SdhA was detected in samples obtained from both strains ( Fig. 5A ; Table 2 ). The results are consistent with the previous finding that the mutant strain ferments serine in the exponential phase of growth (6) . HutI (SPy2081) hydrolyzes imidazolone 5-propionate to form N-formimino-L-glutamate, which can be further degraded to L-glutamate by HutG (SPy2090). HutI was detected in stationary-phase samples obtained from the wild-type strain but not in exponential-phase samples ( Fig. 5B; Table 2 ). In contrast, HutI was detected in the rgg mutant strain in both the exponential and stationary phases of growth, indicating that rgg inactivation altered growth phase-associated regulation of HutI.
S. pyogenes ferments arginine via the arginine deiminase (ADI) pathway. The first enzyme in the pathway is arginine deiminase (ArcA/SagP; SPy1547), which catalyzes the deamination of arginine to NH 3 and citrulline. Ornithine carbamoyltransferase (ArcB; SPy1544) then converts citrulline to CO 2 , ornithine, and carbamoylphosphate. ATP is generated by carbamate kinase (ArcC; SPy1541)-mediated conversion of carbamoylphosphate to NH 3 and CO 2 . Each enzyme of the ADI pathway (ArcABC) was synthesized by the rgg mutant strain during both the exponential and stationary phases of growth. In contrast, the wild-type strain synthesized the enzymes only during the stationary phase of growth ( Fig. 6; Table 2 ). In addition, the enzymes were more abundant in the rgg mutant strain ( Fig. 6; Table 2 ). Thus, exponential-phase repression of the ADI pathway is dependent on Rgg.
In addition, growth phase-associated regulation of a putative virulence factor known as the 67-kDa myosin cross-reactive (14) was abrogated in the rgg mutant strain; the mutant strain synthesized the protein during both the exponential and stationary phases of growth, in contrast to the wild-type strain, which synthesized the protein only in the exponential phase of growth (see Table S1 at http://www.usd.edu/ biomed/biomedfaculty/chaussee/index.shtml). Metabolic enzymes. With the exception of phosphoglycerate mutase, glycolytic enzymes were more abundant in samples obtained from the wild-type strain (see Table S1 at http: //www.usd.edu/biomed/biomedfaculty/chaussee/index.shtml). Among glycolytic enzymes, relatively little change in abundance was observed in wild-type samples isolated during different growth phases. Thus, Rgg significantly affects the synthesis of alternate pathways of catabolism but not the abundance of glycolytic enzymes.
S. pyogenes must synthesize acetyl coenzyme A for biosynthesis from pyruvate via (i) pyruvate-formate lyase, (ii) the pyruvate dehydrogenase complex, and (iii) dismutation of pyruvate via pyruvate oxidase and lactate oxidase, although, pyruvate oxidase does not appear to be encoded in the S. pyogenes genome (M. A. Chaussee, unpublished data). Trace amounts of formate are produced by the rgg mutant strain during the stationary phase of growth but not in the exponential phase (6) . In contrast, essentially no formate is produced during growth of the wild-type strain (6) . Consistent with this finding, pyruvate-formate lyase (Pfl; SPy1849) was detected in protein samples isolated from the rgg mutant strain after 4 and 24 h of culture; however, the enzyme was not present in samples prepared from wild-type cultures. In contrast, subunits of the pyruvate dehydrogenase complex were more abundant in samples obtained from the wild-type strain. The complex consists of three subunits (E1, E2, and E3) encoded by four adjacent genes (SPy1026, SPy1028, SPy1029, and SPy1031). AcoB (a subunit of E1; SPy1028) and the E3 subunit, dihydrolipoamide dehydrogenase (AcoL; SPy1031), were more abundant in samples obtained from the wild-type strain after 24 and 48 h of culture than in similarly prepared samples from the rgg mutant strain.
FIG. 4. Protein compositions of S. pyogenes
wild-type and rgg mutant strains after 48 h. Proteins were isolated from wild-type and rgg mutant strains after 48 h of culture, separated by 2-DE, and stained with Sypro Ruby. The migration positions of molecular weight standards and the orientation of the immobilized pH gradients are indicated. The numbers on the gel correspond to the Spy numbers in the serotype M1 genome sequence annotation (14) and designate proteins identified by tandem mass spectrometry. The original gel size was 25 by 21 by 0.1 cm.
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Stress-associated proteins. Inactivation of rgg also affected the abundance of proteins associated with tolerance to oxidative and thermal stresses (Table 3) . ClpL (SPy0888) is a class III chaperone that in other streptococci is responsive to thermal stress (9) . We identified two ClpL isoforms, which migrated near the predicted position (Table 3) , in samples obtained from the rgg mutant strain during both the exponential and stationary phases of growth; cognate proteins were not detected in samples obtained from the wild-type strain. Similarly, ClpE (SPy1509) was detected in samples obtained from the rgg mutant strain during the exponential and stationary phases of growth, but it was not among the proteins isolated from the wild-type strain (Table 3 ). In addition, ClpP (SPy0395) was more abundant in samples obtained from the mutant strain after 48 h of culture; however, the levels were similar after 4 and 24 h of culture (Table 3) . Together, the results show that rgg inactivation is associated with increased synthesis or stability of ClpL, ClpP, and ClpE.
The oxidoreductases AhpC (SPy2079) and Nox1 (SPy2080) were more abundant in samples from the rgg mutant stain ( Table 3 ). The loci are adjacent to each other in the S. pyogenes genome and are separated by 20 bp, which suggests that they are cotranscribed; AhpC is proximal to the putative promoter. AhpC was 3.9, 4.7, and 2.5 times more abundant in protein samples isolated from the rgg mutant strain than in protein samples isolated from the wild-type strain after 4, 24, and 48 h of growth, respectively. Nox1 was detected in samples from the mutant strain after 24 and 48 h of culture but not in corresponding samples prepared from the wild-type strain (Table 3) . Increased expression of oxidoreductases in the rgg mutant strain is functionally consistent with derepression of enzymes associated with the cellular response to oxidative stress. HtrA (SPy2216), also known as DegP, is a serine protease that degrades misfolded proteins targeted for secretion. In samples isolated after 4 and 24 h of culture, HtrA was detected only in rgg mutant samples (Table 3) ; however, after 48 h, HtrA was detected in samples from both strains but was more abundant in the rgg mutant strain (Table 3) .
Finally, a putative toxic anion resistance protein (SPy0158) was detected in samples from the rgg mutant strain after 24 and 48 h of culture but not in samples from the wild-type strain (Table 3) . Although little information is available regarding the function of this protein, tellurite toxicity may result from the oxidation of cellular macromolecules. Taken together, the results show that inactivation of rgg affects the abundance of proteins associated with tolerance to thermal and oxidative stresses.
Responses to thermal and oxidative stresses. To determine if differences in stress-associated proteins affected the ability to survive thermal and oxidative stresses, the viabilities of the isogenic strains were determined following exposure to puromycin, an elevated temperature, and paraquat. Puromycin is an aminoacyl-tRNA analogue that inhibits protein synthesis and elicits a heat shock-like response in gram-negative and gram-positive bacteria (15, 36, 39) . The rgg mutant strain was more tolerant to puromycin and incubation at 41°C than the wild-type strain (Fig. 7) . To assess changes in the tolerance to oxidative stress, the strains were similarly exposed to paraquat, which generates hydroxyl ion radicals. In contrast to results obtained with thermal stresses, the rgg mutant strain was more susceptible to paraquat (Fig. 7) . Taken together, the results show that the difference in the abundance of stress-related proteins is associated with an altered phenotypic response to thermal and oxidative stresses.
DISCUSSION
Rgg is a global regulatory protein that coordinates metabolic activity (6) and the expression of virulence factors localized to the cell wall and extracellular environment (3, 7, 8, 24) . We compared proteins isolated from wild-type S. pyogenes to proteins isolated from an isogenic rgg mutant strain to identify additional Rgg-regulated proteins. The results show that growth phase-associated regulation of proteins involved in amino acid catabolism and tolerance to thermal and oxidative stresses is influenced, directly or indirectly, by Rgg. In addition, the results provide insight into growth phase-associated changes in protein composition.
The culture conditions used to isolate proteins from the FIG. 7 . Bacterial survival following exposure to thermal stress and oxidative stress. Wild-type and rgg mutant cultures were exposed to puromycin, 41°C, or paraquat for 24 h; sham-treated cultures were used as controls. Viability was determined by dilution plating and is expressed as the CFU per milliliter for cultures exposed to stress divided by the CFU per milliliter for control cultures. The values are the means Ϯ standard errors of the means obtained in five independent experiments. An asterisk indicates that the difference in viability between the strains was significant (P Ͻ 0.05). (6) . A previous analysis showed that the rgg mutant strain ferments arginine and serine in the exponential phase of growth, even in the presence of glucose (6) . Consistent with these results, enzymes associated with arginine (ArcABC) and serine (SdhA) catabolism were detected in exponential-phase samples obtained from the rgg mutant strain but not in exponential-phase samples obtained from the wild-type strain, which synthesized ArcABC and SdhA only in the stationary phase of growth. The results demonstrate that growth phase-dependent synthesis or stability of proteins involved in the catabolism of arginine and serine is regulated by an Rgg-dependent mechanism.
In general, the absence of growth phase-associated regulation in the rgg mutant strain is similar to results obtained following the inactivation of alternate sigma factors. For example, SigB coordinates cellular responses to stress in several gram-positive bacteria (2, 23) . Moreover, sigB deletion affects the expression of secreted virulence factors, including caseinolytic proteases (20, 28, 33, 41) . Similarly, the alternate sigma factor RpoS of gram-negative bacteria controls the expression of virulence-associated exoproteins, including caseinolytic proteases (19) , stress-responsive proteins, and enzymes mediating amino acid catabolism in the stationary phase of growth (43) . Neither a SigB orthologue nor an RpoS orthologue is encoded in the genome of S. pyogenes (14) . Moreover, the S. pyogenes genome encodes only a single alternate sigma factor, designated SigX, which has limited activity due to low levels of transcription and ClpP-dependent proteolysis (31, 32) . Thus, in S. pyogenes, genome-wide changes in expression during the transition to the stationary phase of growth are probably mediated by interactions among transcriptional regulatory proteins, including Rgg.
Inactivation of rgg affects the transcript levels of several regulatory genes, including mga, fasBCA, sagA, and csrRS/ covRS (7) . Inactivation of csrR/covR also affects transcription of rgg (16) . Thus, Rgg interacts with other regulons to coordinate gene expression. Based on this interpretation, at least some of the differences in protein abundance associated with rgg inactivation are likely to be due to perturbations of other regulatory circuits. For example, levels of transcripts encoding a variety of stress-associated proteins are affected by CsrR/ CovR (16) . Similarly, inactivation of csrS/covS affects the pathogen's ability to tolerate pH, thermal, and osmotic stresses (11) . In addition, dysregulation of amino acid catabolism could affect the NADH/NAD ϩ ratio in the cell, which is likely to perturb regulatory circuits that are responsive to oxidative stresses. In this regard, regulatory circuits that control amino acid catabolism are often responsive to stress. For example, ADI expression is responsive to pH stress in Streptococcus mutans and Lactobacillus sakei (37) and to heat shock and low O 2 tension in Streptococcus suis (42) and Pseudomonas aeruginosa, respectively (12, 35) . Clearly, more information regarding the hierarchal relationships among regulatory circuits is necessary to distinguish between loci directly affected by Rgg and loci affected by perturbations of other regulatory circuits. To maintain infection in the human host, S. pyogenes must adapt to changes in the availability of essential metabolic precursors. Host proteins, peptides, and free amino acids are particularly important since the pathogen is auxotrophic for most amino acids. In addition, amino acid fermentation is likely to contribute to the viability of the pathogen during infection of carbohydrate-limited anatomical sites. Rgg-regulated synthesis of secondary catabolic operons, hydrolytic exoenzymes, and proteins associated with the tolerance to stress may promote dissemination of the pathogen to more favorable ecological niches. For example, a decrease in or cessation of growth due to the depletion of primary metabolic substrates could signal an Rgg-dependent regulatory response that would relieve the repression of alternate catabolic operons and promote the synthesis of hydrolytic exoproteins, such as the SPE B protease and nucleases. The resulting degradation of host tissues could facilitate dissemination and liberate metabolic substrates, including amino acids and peptides. Simultaneous induction of stress-related proteins may protect the pathogen from oxidative stresses associated with inflammation and thermal stress due to fever. Importantly, severe diseases, such as necrotizing fasciitis, are characterized by massive tissue destruction during the invasion of subcutaneous tissues.
In summary, our results show that the global transcriptional regulatory protein Rgg coordinates the expression of virulence factor synthesis and growth phase-associated expression of metabolic enzymes and stress-responsive gene products. These results are an important step towards defining the Rgg regulon and mapping interactions among regulatory circuits that control virulence factor expression in S. pyogenes.
